Diabetes and obesity are increasingly common ([@R1],[@R2]) and during pregnancy are associated with increased circulating metabolic fuels that can negatively impact the health of both the mother and developing fetus ([@R3],[@R4]). Women with diabetes have higher rates of pregnancy-related complications including miscarriages and stillbirths ([@R5]--[@R8]). Their infants have higher rates of complications in the neonatal period ([@R7],[@R9]) and throughout life ([@R10]). The primary preventative measure is optimizing glycemic control ([@R11]), yet women with good glycemic control and non-diabetic obese women have increased perinatal morbidity and so do their infants ([@R5],[@R7],[@R9],[@R12]). This implicates dyslipidemia as a mediating factor. Using a rat model, our lab has demonstrated that a maternal high-fat (HF) diet (40% vs. 18% dietary fat) exacerbates the physiologic hyperlipidemia of pregnancy and increases morbidity and mortality in newborn offspring ([@R13],[@R14]). However, the placental response to maternal dyslipidemia remains poorly understood. We hypothesized that a maternal HF diet would exaggerate fuel-mediated consequences of diabetic pregnancy by disrupting placental lipid processing which we defined as the collective actions of lipid transport, storage, and use of fats for production of hormones or inflammatory precursors.

Lipid transport supports the increased metabolic needs of mother, placenta, and baby. As a normal pregnancy progresses it is accompanied by a physiologic hyperlipidemia with increasing maternal-fetal transport of essential fatty acids (FA) to support fetal growth and brain development ([@R15]). The fetus depends on a maternal source for essential long-chain polyunsaturated FA (LCPUFAs) including arachidonic acid (ARA) and docosahexaenoic acid (DHA) ([@R15]). Increasing evidence suggests that infants born to diabetic mothers have lower levels of LCPUFAs ([@R17]--[@R19]) purportedly from impaired maternal-fetal transport. In addition to facilitating nutrient transport, the placenta is the principal metabolic, respiratory, excretory, and endocrine organ of pregnancy ([@R20]). The placenta must store lipids as important precursors of hormones and inflammatory mediators that support a healthy pregnancy. Therefore, the relationship between maternal dyslipidemia and impaired placental function may have extensive consequences for pregnancy and infant health.

To test our hypothesis, we used a rat model to determine if a maternal HF diet, especially alongside late-gestation diabetes, independently or additively impedes maternal-placental-fetal lipid processing as indicated by lower LCPUFA levels in offspring, decreased placental hormone production, and/or increased markers of inflammation.

METHODS {#S5}
=======

Animal Care {#S6}
-----------

This study followed guidelines from the Animal Welfare Act and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and was under approval from the Sanford Research Institutional Animal Care and Use Committee. Model characteristics have been described previously ([@R13],[@R14]). In brief, female Sprague-Dawley rats (Harlan Laboratories Inc., Indianapolis, IN) received control (TD2018 Teklad; Harlan Laboratories, Madison, WI) or HF (TD95217 custom diet Teklad; Harlan Laboratories) diet for at least 28 days prior to breeding. On embryonic day (E) 14 of a timed pregnancy, dams received 0.09M citrate buffer or 65mg/kg of streptozocin (Sigma Life Sciences, St. Louis, MO) in citrate buffer to induce diabetes. Thereafter, twice-daily, sliding-scale insulin was administered to keep non-fasting glucose levels in a target range of 200--400mg/dl. Diabetic criteria for rats are similar to those of humans ([@R21]); rats that did not reach a blood glucose ≥200mg/dl following streptozocin administration were excluded from this study. Dams underwent C-section (under isoflurane:oxygen anesthesia) on E21 for placental collection or were allowed to deliver spontaneously to yield postnatal day (P)1 offspring from 4 distinct groups: controls, diabetes-exposed, diet-exposed, and combination-exposed.

Animals were housed in a temperature-controlled, light-dark cycled facility with free access to water and food. Euthanasia occurred under isofluorane:oxygen induction followed by cervical dislocation for newborn offspring or cardiac puncture/heart removal for older animals. Physical locations of the placentae and embryos were recorded as being from the left or right uterine horn and numbered consecutively by proximity to the cervix. Placentae were snap frozen and stored at −80°C. Perinatal losses were assessed by inspection of uterine horns which included counting placentations alongside the number of delivered pups (dead or alive) and retained stillbirths.

Venous Blood Sampling {#S7}
---------------------

Maternal blood was collected at baseline, after 28 days of specified diet, E14, and delivery (E21 with C-section and P1 with spontaneous delivery). While under anesthesia for maternal c-section, whole blood was collected from jugular veins of E21 offspring prior to umbilical cord or placental separation and euthanasia. In P1 offspring blood was collected by jugular venipuncture immediately after euthanasia. Whole blood and plasma fraction aliquots were stored at −80°C.

TG and NEFA Analyses {#S8}
--------------------

Plasma triacylglycerol (TG) levels were measured using a Triglyceride Colorimetric Assay Kit (ThermoFisher Scientific Inc., Waltham, MA) via manufacturer's instructions. A dilution curve was created using TG standards (ThermoFisher Scientific Inc., Waltham, MN) to verify assay precision. Plasma non-esterified FA (NEFA) levels were measured using a NEFA-HR Colorimetric Kit (Wako Diagnostics, Richmond, VA) via manufacturer's instructions. Absorbance for TG and NEFA analyses were measured using SpectroMax Plus (Molecular Devices, Sunnyvale, CA).

FA Analyses {#S9}
-----------

Whole blood FA analysis was performed by gas chromatography following direct transesterification of whole blood using 14% boron-trifluoride methanol and hexane solution with a quantitative internal standard (17:0 heptadecanoic acid) at 100°C for 10 minutes. After cooling, HPLC-grade water was added and sample was vortexed and centrifuged for phase separation. FA methyl-esters in hexane were analyzed alongside quantitative external standard (15:0 methylpentadecanoate) by capillary gas chromatography on an Agilent 7890A (Agilent Technologies, Santa Clara, CA) equipped with an Agilent CP7489 Capillary Column (100m length x 0.25mm internal diameter x 0.36mm outer diameter, 0.20μm film thickness) using hydrogen as carrier gas. FAs of 10--24 carbons were detected by flame ionization detector and recorded using ChemStation interface system (Agilent Technologies, Santa Clara, CA). Peaks were measured using Open LAB Chromatography Data System and corresponding authentic standard, 37 FAME mix (Sigma Aldrich, St. Louis, MO).

Placental Lipid Analyses {#S10}
------------------------

Whole placentae, weighing 0.49 to 1.78g, were snap frozen and stored at −80°C. Lipid droplet accumulation was qualitatively assessed using frozen-sectioned (10μm) placentae stained with Oil Red O (ORO) and hematoxylin background. Images were captured using Nikon P90i microscope and NIS-Elements software. 10--12 placentae from each group were used to quantitatively analyze lipid content. Lipids and proteins were extracted simultaneously using a chloroform:methanol extraction from 100mg of homogenized full-placental sections taken adjacent to umbilical cord (through both maternal and fetal facing membranes). After centrifugation, the organic phase, containing lipids, was separated and dried down under nitrogen stream and reconstituted in 100μl 1% Triton X. Because intracellular lipid droplets primarily contain neutral lipids including diacylglycerol and TG ([@R22]), glycerol content was measured using the Triglyceride Colorimetric Assay described above.

Placental mRNA Levels {#S11}
---------------------

Using 10--12 placentae from each group, RNA was extracted from 30mg full-placental sections taken adjacent to the umbilical cord using the RNeasy Mini Kit (Qiagen, Germantown, MD). RNA integrity was assessed by electropherograms using 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA) and demonstrated RNA Integrity Numbers from 9.3 to 10.0. Placental RNA concentrations were between 242 and 561ng/μl and measured by NanoDrop 2000 UV-Vis Spectrophotometer (ThermoFisher Scientific Inc. Waltham, MA). Complementary DNA (cDNA) synthesis was performed using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) via manufacturer's protocol. Primer pairs were manufactured at Life Technologies (Grand Island, NY) and quantitative real-time PCR (qPCR) was performed using Absolute Blue qPCR Mix (ThermoFisher Scientific Inc. Waltham, MA) and analyzed with ABI 7500 System software (Applied Biosystems, Foster City, CA). Analyzed genes include glucose transporter 1 (*Scl2a1* which encodes GLUT1), glucose transporter 3 (*Scl2a3* which encodes GLUT3), hormone sensitive lipase (*Lipe* which encodes HSL), lipoprotein lipase (*Lpl*), FA translocase/cluster of differentiation 36 (*Cd36*), FA binding protein 3 (*Fabp3*), FA transport protein 1 (*Scl27a1* which encodes FATP1), peroxisome proliferator-activated receptor gamma (*Pparg*), adipose differentiation-related protein (*Plin2* which encodes ADRP), and insulin-receptor substrate 1 (*Irs1*). Beta-2 microglobulin (*B2m*) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (*Ywhaz*) served as reference genes. Primer-probe information is shown in [Supplemental Table S1](#SD1){ref-type="supplementary-material"}.

Placental Protein Expression {#S12}
----------------------------

Placental proteins were extracted as described above. After removal of the organic (lipid) phase, the protein was pelleted in methanol and dissolved in RIPA buffer overnight. After sonication of lysate, protein concentration was determined using a Pierce BCA protein assay kit (Thermo Fisher Scientific Inc. Waltham, MA). Proteins were resolved in 4--15% SDS-PAGE and transferred to polyvinylidene difluoride membranes using Trans-Blot Turbo RTA Midi PVDF Transfer Kit (Bio-Rad). Membranes were blocked in 5% BSA/TBS-T followed by overnight incubation in primary antibodies against GLUT1, LPL, CD36, FABP3, and ADRP followed by one-hour incubation in HRP-conjugated goat anti-rabbit IgG secondary antibody (SouthernBiotech, Birmingham, AL). Luminata Forte Western HRP substrate (EMD Millipore, Billerica, MA) and VisionWorks LS software (UVP, Upland, CA) were used for imaging and recording integrated optical densities. Readings were normalized to β-actin. Antibody information is shown in [Supplemental Table S2](#SD1){ref-type="supplementary-material"}.

Hormone and Inflammatory Marker Analyses {#S13}
----------------------------------------

Maternal levels of circulating progesterone, estriol, and estradiol at E14 and E21 were measured via ELISA with manufacturers' instructions (progesterone, MyBioSource, San Diego, CA, \#80558; estriol, Calbiotech, Spring Valley, CA, \#MBS021680; estradiol, Crystal Chem, Downers Grove, IL, \#ES180S-100). Levels were quantified using Cytation3 plate reader (BioTek Instruments, Winooski, VT).

Tumor necrosis factor alpha (TNFα) and interleukin 6 (IL-6) levels were measured in serum from dams and offspring at P1 and E21 placental lysate using Milliplex Map Rat Adipocyte Magnetic Bead Panel (EMD Millipore, Billerica, MA, \#RADPCMAG-82K-02) via manufacturer's instructions and quantified using Luminex 100/200 analyzer (Luminex, Madison, WI).

Statistical Analyses {#S14}
--------------------

Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). Diet, diabetes, and interaction-related effects were interrogated by two-way ANOVA. When interaction was significant, differences between controls and each exposed group were interrogated by one-way ANOVA and Dunnett's post hoc test. Changes in dam weight and TG levels over time were analyzed by linear regression analysis. Group data were averaged and expressed as means ± SEM. A value of p\<0.05 was considered significant.

RESULTS {#S15}
=======

Model Characteristics {#S16}
---------------------

Data is from 16 controls, 16 diabetes-exposed, 14 HF diet-exposed, and 14 combination-exposed litters. Of these, 11--13 dams/group (118--141 offspring/group) delivered naturally with outcomes measured on P1. Because dams consume placentae immediately upon delivery, an additional cohort with 3--4 dams/group (28--44 placentae/group) were delivered by C-section on E21 for placental collection. While we have used this model for several years with consistent findings, some of the samples used for this study were from litters also used to previously report pulmonary and cardiac morbidity in newborn offspring ([@R13],[@R14]).

Consistent with previous studies using this model ([@R13],[@R14]), dams on a HF diet gained more weight than those fed control diet (CD); the trend persisted over time (p=0.001). Diabetic dams had higher whole blood glucose levels after streptozotocin administration while non-diabetic dams had normal levels regardless of diet; whole blood ketones were higher in both diabetic and HF fed dams ([Table 1](#T1){ref-type="table"}). Serum TG levels rose significantly with HF diet, especially after diabetes induction on E14 ([Figure 1-A](#F1){ref-type="fig"}) so that by P1 TG levels were 2-fold higher in diabetes-exposed, 3-fold higher in HF diet-exposed, and 15-fold higher in combination-exposed dams ([Table 1](#T1){ref-type="table"} and [Figure 1-B](#F1){ref-type="fig"}). Maternal NEFA levels also increased ([Table 1](#T1){ref-type="table"}, [Figures 1-D and 1-E](#F1){ref-type="fig"}).

Placentae and offspring characteristics are reported in [Table 2](#T2){ref-type="table"}. Placentae of diabetes- and HF diet-exposed pregnancies weighed less. At E21 only diabetes-exposed offspring were smaller than controls, but at P1 both diabetes- and HF diet-exposed pups were smaller. Fetal blood glucose at E21 (prior to severing the umbilical cord) was higher in diabetes-exposed offspring and supra-additive in combination-exposed (interaction effect, p=0.0001). Notably, glucose levels in both dams and offspring rose significantly with surgery and anesthesia time so that fetal insulin levels more positively correlated with pup number than treatment group; therefore, they are not reported. Both diabetes-exposed and HF diet-exposed P1 pups had higher circulating insulin levels.

Circulating Fatty Acids {#S17}
-----------------------

Despite significant hyperlipidemia in diabetic and HF fed dams, circulating lipid levels in offspring were not higher ([Table 2](#T2){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}). Indeed, offspring TG levels were similar across groups and NEFA levels were potentially lower in combination-exposed pups (p=0.01 for interaction, p=0.06 by one-way ANOVA). Whole blood FA composition (wt:wt%) for P1 dams and corresponding offspring is reported in [Table 3](#T3){ref-type="table"}. In general, diabetic dams had higher fractions of saturated (palmitic), mono-unsaturated (palmitoleic and oleic acid), and 18-carbon precursor essential FAs (linoleic, LA and α-linolenic, ALA) but lower fractions of stearic and ARA in circulation. Like their mothers, diabetes-exposed pups had a higher fraction of palmitoleic acid and lower fractions of stearic and ARA in circulation. HF diet-exposed dams and pups had a higher composition of oleic acid likely reflecting dietary fat composition ([Supplemental Table S3](#SD1){ref-type="supplementary-material"}). However, they had lower fractions of circulating stearic and LA despite an increase in dietary provision. Although LCPUFA content was similar between diets, HF diet-exposed pups had lower fractions of essential FA (LA, ALA, ARA, and EPA) regardless of maternal blood FA composition. True concentrations of whole blood FA (μg/mL) were also measured in dams and corresponding P1 offspring ([Supplemental Table S3](#SD1){ref-type="supplementary-material"}).

Placental Lipid Accumulation {#S18}
----------------------------

Lipid trapping in the placenta could explain the variation between maternal and fetal circulating lipids. ORO staining demonstrates more lipid deposition in the decidua basalis ([Figure 2-A](#F2){ref-type="fig"}) and labyrinth zone ([Figure 2-B](#F2){ref-type="fig"}) of diabetes-exposed, HF diet-exposed, and combination-exposed placentae. Both number and size of lipid droplets increased. Quantitative TG analysis confirmed lipid accumulation with 41% more (p=0.01) in diabetes-exposed, 44% more (p=0.004) in diet-exposed, and 69% more (p=0.01) in combination-exposed placentae ([Figure 3](#F3){ref-type="fig"}).

Relative differences in placental levels of key glucose and lipid transport and storage genes are shown in [Figure 4](#F4){ref-type="fig"}. *Scl2a3* (GLUT3), *Cd36, Fabp3*, and *Scl27a1* (FATP1) mRNA levels were lower in HF diet-exposed placentae. *Pparg*, *Plin2* (ADRP), and *Irs1*levels were lower in diabetes-exposed, HF diet-exposed, and combination-exposed pregnancies. Most notably, combination-exposed placentae had 13-fold lower *I*rs1 than controls. Results were similar when validated using both *B2m* and *Ywhaz* as reference genes.

Placental protein expression was characterized using Western blotting ([Figure 5](#F5){ref-type="fig"}). Findings did not correlate with mRNA levels. GLUT1 protein expression was higher in diabetes and HF diet-exposed placentae. LPL expression was lower in HF diet-exposed placentae. Despite lower mRNA levels, other protein levels were similar between groups.

Perinatal Mortality {#S19}
-------------------

As previously reported ([@R13],[@R14]), a maternal HF diet, but not diabetes, was associated with a significantly higher perinatal mortality rate ([Figure 6-A](#F6){ref-type="fig"}). Indeed, HF diet-exposed litters had a 41--43% perinatal mortality rate compared to only 9% in controls. Many of these losses occurred *in utero* ([Figure 6-B](#F6){ref-type="fig"}). Indeed, controls had V3% stillbirth rate compared to 6% in diabetes-exposed, 30% in HF diet-exposed, and 21% in combination-exposed pregnancies. Findings emphasize the role of dyslipidemia in adverse pregnancy outcomes including pregnancy loss.

Hormones of Pregnancy {#S20}
---------------------

Maternal serum estriol, estradiol, and progesterone levels at E14 (before diabetes induction) and E21 are reported in [Table 4](#T4){ref-type="table"}. No significant dietary differences were found. However, at E21 diabetes-exposed dams had lower levels of estriol and progesterone. While interesting, this cannot explain the higher stillbirth rate in HF diet-exposed pregnancies.

Markers of Inflammation {#S21}
-----------------------

Maternal, placental, and offspring TNFα and IL-6 levels are reported in [Table 5](#T5){ref-type="table"}. No statistically significant difference was found, but P1 offspring had marked variability with a trend towards higher levels in both diabetes-exposed and HF diet-exposed offspring. Levels were only analyzed in live newborn offspring which may confound data related to *in utero* mortality. Therefore, a conclusion about the role of lipids in inflammation related to perinatal mortality in this model cannot yet be reached.

DISCUSSION {#S22}
==========

This study uses a rat model to demonstrate that a HF diet exaggerates lipid-mediated consequences of a diabetic pregnancy. To our knowledge, we are the first to investigate individual *and* overlapping effects on placental lipid processing in relation to pregnancy maintenance and offspring health. We found evidence of placental lipid "trapping," and newborn offspring had lower fractions of circulating essential FAs which could negatively impact their short- and long-term health. Maternal HF diet, but not diabetes, was associated with higher perinatal mortality, especially stillbirths. While lipid-mediated inflammation likely played a role ([@R23]) this could not be confirmed by this study alone. Together, findings highlight the negative consequences of dyslipidemia during pregnancy and demonstrate both protective and pathologic roles of the placenta.

Placental lipid accumulation ([Figure 2](#F2){ref-type="fig"}) is an important finding in this study and confirms outcomes reported in other diabetic rodent models ([@R24]) and women ([@R25]). Our study adds that similar placental lipid accumulation occurs with a maternal HF diet and is even greater in combination with diabetes. Lipid accumulation may protect the developing fetus from lipotoxicity. Even when combination-exposed dams had circulating maternal TG levels 15-fold higher than controls, their offspring did not develop hyperlipidemia ([Figure 1](#F1){ref-type="fig"}). However, in other tissues accumulation typically indicates pathology ([@R14],[@R22]), and placental lipid trapping may decrease provision of essential FA (including DHA) to offspring ([@R17]--[@R19]). Despite our findings, we are not convinced that this is due solely to placental trapping. Rather, like their pups, diabetes-exposed dams in our study had lower ARA but higher LA composition which suggests decreased *in vivo* conversion of precursor LA to ARA.

Expression of fuel uptake and storage genes has been studied as a marker of placental nutrient transport under diabetic conditions ([@R16],[@R23],[@R26]--[@R29]). Our study supports previous reports ([@R28]) and extends findings to show that HF diet is also associated with lower mRNA levels of key lipid transport and storage genes (*Cd36, Fabp3, Pparg, Plin2* (ADRP), and *Irs1*). CD36, which transports hydrolyzed FAs into and out of cells, and FABP3, an intracellular FA transporter ([@R30]), are under transcriptional regulation by PPARγ ([@R26],[@R29]) which is influenced by lipids and insulin. In humans, placental PPARγ protein expression is lower in women with gestational diabetes ([@R31]) but not obesity ([@R30]). In contrast, placentae from obese women have higher expression of CD36 than those from women of healthy weight ([@R30]). In our rats, both diabetes- and HF diet-exposed placentae had lower mRNA levels of *Pparg* and downstream *Cd36* and *Fabp3*. Leptin exposure increases CD36 protein expression in human placental culture ([@R32]), yet our *in vivo* model showed lower placental *Cd36* mRNA levels despite higher maternal leptin levels. Differences could be species specific, temporal (human placenta at 12 weeks gestation ([@R32]) vs. term), or because HF fed dams gained weight without morbid obesity.

Although others have shown that mice on an extremely HF diet (60% calories as fat) have higher *Fabp3* expression ([@R27]), our findings are more consistent with human studies showing lower placental expression in obese women ([@R30]). Stable protein levels of CD36 and FABP3 amongst decreased mRNA levels with HF diet- and combination-exposure may indicate increased-translation of gene products or decreased protein degradation. Additional study is needed to determine exact mechanisms of disparity.

LPL lies in maternal-facing placental membranes and hydrolyzes circulating TG to free FAs allowing them to cross by passive or active transport ([@R26]). Lower *Lpl* mRNA levels could partially explain why HF diet-exposed offspring have lower circulating lipid levels than dams, but expression does not necessarily predict LPL activity. Others have demonstrated increased LPL activity (without change in protein expression) in placentae from diabetic ([@R33]) and obese women ([@R30]).

Given that placental lipid droplets accumulate in diabetes and diet-exposed pregnancies despite lower mRNA levels of lipid transport genes, it is likely that this accumulation is due to decreased utilization rather than increased storage. Others support this plausible explanation ([@R34],[@R35]). The disparity in mRNA and protein levels of ADRP, a lipid droplet associated protein, further supports this idea. Stable protein expression of ADRP despite decreased mRNA levels may represent less turn-over of lipid droplets in diabetes-exposed and HF diet-exposed rats; measurement of lipid droplet turnover would strengthen this explanation. IRS-1 plays vital roles in insulin signaling, insulin resistance, and inability to metabolize lipids ([@R36]). Thus, the marked decrease in *Irs1* mRNA levels in combination-exposed placentae may incite metabolic dysfunction and lipid droplet accumulation. Indeed, offspring from this same model have cardiac lipid droplet accumulation and altered cellular bioenergetics suggesting decreased utilization ([@R14]). As in our model, women with insulin-controlled diabetes or obesity have lower levels of placental IRS-1 and evidence of placental insulin resistance ([@R36]).

Low estradiol and progesterone levels are associated with increased risk of spontaneous abortion ([@R37]); lower progesterone and estrogen concentrations are also seen in obese women ([@R38]). In our model, hormone levels were lower in diabetes-exposed, but not HF diet-exposed dams that had the highest stillbirth rate; thus, impaired hormone production seems an unlikely cause of stillbirths in this particular model. In the rat placenta TNFα and IL-6 serve as mediators of inflammation. Crew *et al.* demonstrated higher levels in placentae from rats fed a "cafeteria style" diet ([@R39]). In our study, maternal, placental, and offspring levels of TNFα and IL-6 trended higher in diabetes and HF-exposed offspring. Only serum from live (not dead) newborn offspring was analyzed, so we cannot exclude inflammation as a cause of *in utero* death. Given our findings, we suggest that future investigations clarify these points and expand focus on placental metabolism, ROS production, and vascular flow.

Strengths and Limitations {#S23}
-------------------------

This study allows direct examination of the effects of dietary fat intake and late-gestation diabetes on the maternal-placental-fetal triad independently and additively. Our rat model allowed strict dietary regulation and timing and control of diabetes while keeping physiologically relevant *in vivo* conditions. Our diet is both feasible and translational. Control and HF diets mirrored ideal and typical Westernized diets with 18% and 40% caloric intake as fat with similar LCPUFA content. While streptozocin-induced diabetes is neither Type I nor Type II, it allowed us to examine the effects of maternal hyperglycemia and fetal hyperinsulinemia in the third trimester. Our intentional timing eliminated confounding effects from early diabetes on placentation and organogenesis and corresponds to fetal pancreatic development, physiologic hyperlipidemia of pregnancy, and the typical timing of hyperglycemia in gestational diabetes. Measuring circulating FA composition and concentration was useful in further defining essential FA deficiency. However, we recognize that neither is a true measure of tissue FA accretion. Postpartum uterine horn examination to confirm placentations and unborn offspring was valuable in identifying the high stillbirth rate with HF diet-exposure.

Limitations include aforementioned differences in cause of diabetes and species-specific differences. Daily caloric intake and body fat composition were not measured. While rats fed high caloric diets may limit food intake this is often overcome with diets of impractically high fat content (≥60%). Our study used a more translatable fat content to study placental and fetal consequences resulting from high fat diet rather than maternal obesity itself. ([Supplementatl Table S4](#SD1){ref-type="supplementary-material"}). Differences exist between rat and human placentae, but they share similar hemochorial structure with homologous fuel transport, storage, and signaling proteins including those in this study ([@R40]). Unlike humans, diabetes-exposed pups did not develop macrosomia. This may be related to differences in the length of gestation, litter size, placental size, or blood flow rates. These same factors could affect some of our measured outcomes including stillbirths, FA, and offspring cytokine levels. Measuring gene and protein expression is relative to expression of a reference, thus it is neither quantitative nor does it directly correlate to protein activity or overall nutrient transport which requires FA labeling ([@R16]). Moreover, protein expression results in this study should be taken in context of a low sample size, with further validations and investigation of post-translational modifications in any future work. Sex-specific differences were not interrogated and may also be important in offspring outcomes ([@R23]).

Conclusion {#S24}
----------

This study supports a growing body of evidence that maternal dyslipidemia has detrimental effects on the placenta and developing offspring. Specifically, a HF diet, especially alongside diabetes, was associated with higher perinatal mortality, placental lipid droplet accumulation, and altered FA profiles that may influence the health of developing fetus. Pathologic lipid droplet accumulation provides mechanistic clues that correlate with findings in humans and warrants additional investigation focused on placental metabolism, ROS production, adaption, repair, and vascular flow. Understanding the role of lipids in pregnancy sets the foundation for developing and implementing additional preventative measures to improve outcomes for the growing number of pregnancies affected by diabetes and obesity.
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![Maternal and newborn serum triglyceride (TG) and non-esterified fatty acid (NEFA) levels. Graphs represent mean (SEM) serum TG (a--c) and NEFA (d--f) levels from controls, diabetes-exposed, high-fat diet-exposed, and combination-exposed rats. a. Maternal TG levels at baseline, after 28 days of specified diet, embryonic day (E) 14, and postnatal day (P) 1 were higher in HF diet-exposed dams after baseline and escalated in combination-exposed dams after diabetes induction at E14. b. Maternal TG levels at P1 were significantly higher in diabetes-exposed and diet-exposed dams; combination-exposed dams had 15-fold higher TG than controls. c. Offspring TG levels were not significantly different at P1. d. NEFA levels in dams rise during the third trimester; this was more pronounced with diabetes and HF diet-exposure. e. Maternal NEFA levels at P1 were significantly higher in diabetes- and HF diet-exposed dams. f. Offspring NEFA levels were lower in combination-exposed pups. †Significant for diabetes and \*diet effects by two-way ANOVA; ‡Remains different than controls by one-way ANOVA with Dunnett post-test when a significant interaction is found; p≤0.05.](nihms920399f1){#F1}

![ORO staining of placental lipid droplets. Placentae from controls, diabetes-exposed, high-fat diet-exposed, and combination-exposed pregnancies were frozen sectioned, stained with H&E background and ORO (red) to assess lipid deposition. a. Decidua basalis (maternal-sided membranes). b. Labyrinth zone (fetal-sided membranes). Lipid droplet size and number increase in diabetes-exposed, HF diet-exposed, and combination-exposed placentae. Scale bar, 100 μm.](nihms920399f2){#F2}

![Placental glycerol content. Glycerol content, a marker of lipid droplet accumulation, is quantitatively higher in diabetes-exposed, high-fat diet-exposed, and combination-exposed placentae. Bar graphs represent mean (SEM) glycerol content in each group (n=8--14/group). †Significant for diabetes and \*diet effects by two-way ANOVA; ‡Remains different than controls by one-way ANOVA with Dunnett post-test when a significant interaction is found; p≤0.05.](nihms920399f3){#F3}

![Placental mRNA levels of key fuel transport and storage genes determined using qPCR. Baseline (0) represents the mean mRNA levels of individual genes found in controls; *B2m* served as the reference gene. Bar graphs represent mean fold change (SEM) in diabetes-exposed, high-fat diet-exposed, and combination-exposed placentae compared to controls (n=10--13/group). †Significant for diabetes and \*diet effects by two-way ANOVA; ‡Remains different than controls by one-way ANOVA with Dunnett post-test when a significant interaction is found; p≤0.05.](nihms920399f4){#F4}

![Placental expression of key fuel transport and storage proteins. Protein expression was determined using Western blotting a. Immunoblots of placental lysates for GLUT1, LPL, CD36 (two bands; both shown), FABP3, and ADRP are shown alongside corresponding blots for β-actin (loading control). Each lane represents equal protein contributions of multiple offspring (n =6/group). b. Mean (SEM) densitometry analysis of blots for each group. †Significant for diabetes and \*diet effect by two-way ANOVA; p≤0.05.](nihms920399f5){#F5}

![Perinatal loss. Litter size included all live and dead offspring that delivered on P1 with careful inspection of the uterine horns for obvious placentations/retained stillbirths. Bar graphs represent mean (SEM) for controls, diabetes-exposed, high-fat diet-exposed, and combination-exposed pregnancies (n=10--13 litters/group). a. The perinatal mortality was calculated using the following equation: (total litter size -- number of live offspring)/total litter size. b. Stillbirth rate was calculated using the following equation: number of placentations/total litter size. High-fat diet, but not diabetes, was associated with significantly more perinatal deaths and stillbirths/litter. \*Significant for diet effect by two-way ANOVA; p≤0.05.](nihms920399f6){#F6}

###### 

Maternal characteristics

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                Controls      Diabetes-exposed                              HF Diet-exposed                                Combination-exposed                                                          Diabetes effect   Diet effect   Interaction effect
  ------------------------------------------------------------- ------------- --------------------------------------------- ---------------------------------------------- ---------------------------------------------------------------------------- ----------------- ------------- --------------------
  **Weight gain after diet (g)**                                33.23 ±3.55   35.69 ±4.54                                   43.38[\*](#TFN6){ref-type="table-fn"} ±2.88    46.21[\*](#TFN6){ref-type="table-fn"} ±4.88                                  0.52              **0.01**      0.99

  **Weight gain by P1 (g)**                                     40.27 ±8.33   44.14 ±9.80                                   71.25[\*](#TFN6){ref-type="table-fn"} ±11.81   59.29[\*](#TFN6){ref-type="table-fn"} ±9.97                                  0.69              **0.02**      0.43

  **Glucose**[a](#TFN2){ref-type="table-fn"} **(mg/dL)**        90.03 ±0.89   324.20[†](#TFN5){ref-type="table-fn"} ±9.83   92.34 ±1.15                                    333.8[†](#TFN5){ref-type="table-fn"} ±11.50                                  **\<0.0001**      0.44          0.64

  **Ketones**[a](#TFN2){ref-type="table-fn"} **(mg/dL)**        0.30 ±0.01    0.50[†](#TFN5){ref-type="table-fn"} ±0.05     0.35[\*](#TFN6){ref-type="table-fn"} ±0.02     0.74[†](#TFN5){ref-type="table-fn"}[\*](#TFN6){ref-type="table-fn"} ±0.09    **\<0.0001**      **0.005**     0.06

  **Leptin**[b](#TFN3){ref-type="table-fn"} **(ng/mL)**         13.95 ±2.14   10.59 ±1.65                                   29.00[\*](#TFN6){ref-type="table-fn"} ±5.98    19.45[\*](#TFN6){ref-type="table-fn"} ±2.74                                  0.06              **0.0009**    0.36

  **Triglyceride**[b](#TFN3){ref-type="table-fn"} **(mg/dL)**   35.91 ±5.51   71.33[†](#TFN5){ref-type="table-fn"} ±12.33   115[\*](#TFN6){ref-type="table-fn"} ±20.43     555.30[†](#TFN5){ref-type="table-fn"}[\*](#TFN6){ref-type="table-fn"} ±221   **0.038**         **0.015**     0.08

  **NEFA**[b](#TFN3){ref-type="table-fn"} **(mg/dL)**           0.20 ±0.04    0.41[†](#TFN5){ref-type="table-fn"} ±0.13     0.42[\*](#TFN6){ref-type="table-fn"}\          0.72[†](#TFN5){ref-type="table-fn"}[\*](#TFN6){ref-type="table-fn"} ±0.10    **0.01**          **0.01**      0.66
                                                                                                                            0.08                                                                                                                                                        
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Data are presented as mean ± SEM.

Average whole blood levels after streptozotocin administration on E14.

Includes a subset of dams who delivered naturally and not by C-section (n=10--13/group).

Bold font indicates significance with p≤0.05.

Significant for diabetes effect;

Significant for diet effect.

###### 

Offspring characteristics

                                                                       Controls            Diabetes-exposed                                    HF Diet-exposed                                      Combination-exposed                                                                  Diabetes effect   Diet effect    Interaction effect
  -------------------------------------------------------------------- ------------------- --------------------------------------------------- ---------------------------------------------------- ------------------------------------------------------------------------------------ ----------------- -------------- --------------------
  **Placental weight**[a](#TFN8){ref-type="table-fn"} **(g)**          0.84±0.03 (n=44)    0.68±0.03[†](#TFN10){ref-type="table-fn"} (n=41)    0.71±0.02[\*](#TFN11){ref-type="table-fn"} (n=28)    0.63±0.02[†](#TFN10){ref-type="table-fn"}[\*](#TFN11){ref-type="table-fn"} (n=34)    **0.0006**        **\<0.0001**   0.19
  **Fetal weight**[a](#TFN8){ref-type="table-fn"} **(g)**              4.52±0.08 (n=44)    4.10±0.13[‡](#TFN12){ref-type="table-fn"} (n=41)    4.39±0.06 (n=28)                                     4.50±0.13 (n=34)                                                                     NA                NA             **0.01**
  **Placenta:pup weight**[a](#TFN8){ref-type="table-fn"} **(ratio)**   0.19±0.01 (n=44)    0.18±0.01 (n=41)                                    0.16±0.004[\*](#TFN11){ref-type="table-fn"} (n=28)   0.14±0.003[\*](#TFN11){ref-type="table-fn"} (n=34)                                   0.11              **0.0003**     0.45
  **Fetal glucose**[a](#TFN8){ref-type="table-fn"} **(mg/dL)**         95.02±5.98 (n=44)   141.8±13.5[‡](#TFN12){ref-type="table-fn"} (n=41)   88.71±5.93 (n=28)                                    221.6±20.74[‡](#TFN12){ref-type="table-fn"} (n=34)                                   NA                NA             **0.001**
  **Birth weight**[b](#TFN9){ref-type="table-fn"} **(g)**              6.17±0.07 (n=125)   6.08±0.08[†](#TFN10){ref-type="table-fn"} (n=130)   6.00±0.08[\*](#TFN11){ref-type="table-fn"} (n=112)   5.72±0.09[†](#TFN10){ref-type="table-fn"}[\*](#TFN11){ref-type="table-fn"} (n=118)   **0.02**          **0.001**      0.23
  **Glucose**[b](#TFN9){ref-type="table-fn"} **(mg/dL)**               75.66±2.79 (n=61)   66.97±3.75 (n=68)                                   83.65±3.96[\*](#TFN11){ref-type="table-fn"} (n=40)   92.93±8.42[\*](#TFN11){ref-type="table-fn"} (n=42)                                   0.95              **0.0005**     0.06
  **Insulin**[b](#TFN9){ref-type="table-fn"} **(pmol/L)**              125±14 (n=61)       338±147[†](#TFN10){ref-type="table-fn"} (n=68)      377±137[\*](#TFN11){ref-type="table-fn"} (n=40)      1169±354[†](#TFN10){ref-type="table-fn"}[\*](#TFN11){ref-type="table-fn"} (n=49)     **0.01**          **0.006**      0.14
  **Leptin**[b](#TFN9){ref-type="table-fn"} **(ng/mL)**                5.58±1.45 (n=61)    3.50±0.65 (n=68)                                    9.94±6.45 (n=40)                                     7.57±1.32 (n=49)                                                                     0.42              0.13           0.96
  **Triglyceride** [b](#TFN9){ref-type="table-fn"} **(mg/dL)**         90.37±4.91 (n=61)   102±10.94 (n=67)                                    116±15.70 (n=40)                                     90.88±10.73 (n=51)                                                                   0.52              0.49           0.09
  **NEFA**[b](#TFN9){ref-type="table-fn"} **(mg/dL)**                  0.32±0.02 (n=56)    0.36±0.03 (n=56)                                    0.34±0.03 (n=39)                                     0.25±0.02 (n=51)                                                                     NA                NA             **0.01**

Data are presented as mean ± SEM.

Placentae and offspring from 3--4 litters/group that were delivered by C-section on embryonic day (E)21.

Offspring from 10--13 litters/group that delivered spontaneously on postnatal day (P)1; pups delivered naturally were weighed the morning following delivery.

Bold font indicates significance with p≤0.05;

Significant for diabetes effect;

Significant for diet effect;

Remains different than controls by one-way ANOVA with Dunnett post-test when a significant interaction is found.

###### 

Whole blood FA composition (wt:wt%) in dams and offspring

  Fatty Acid             Age             Whole blood fatty acid composition (wt:wt%)   Significance                                                          
  ---------------------- --------------- --------------------------------------------- -------------- ------------- ------------- ----------- -------------- ------
  **16:0**               **Dam**         21.99±0.29                                    22.92±0.18↑    19.02±0.85↓   20.61±0.30↓   **0.02**    **\<0.0001**   0.50
  **Palmitic**           **Offspring**   23.42±0.27                                    24.14±0.47     23.18±0.36    23.76±0.49    0.12        0.45           0.85
  **16:1**               **Dam**         0.27±0.02                                     0.42±0.11↑     0.27±0.05     0.41±0.04↑    **0.04**    0.93           0.98
  **Palmitoleic**        **Offspring**   0.75±0.07                                     0.90±0.06↑     0.85±0.04     0.99 ±0.08↑   **0.04**    0.15           0.91
  **18:0**               **Dam**         17.04±0.40                                    15.53±0.87↓    15.20±0.88↓   13.62±0.63↓   **0.04**    **0.02**       0.96
  **Stearate**           **Offspring**   9.55±0.16                                     8.91±0.22↓     8.92±0.18↓    8.56±0.26↓    **0.02**    **0.03**       0.49
  **18:1n9**             **Dam**         4.91±0.13                                     6.42±1.15↑     8.42±0.79↑    12.10±1.30↑   **0.01**    **\<0.0001**   0.27
  **Oleic**              **Offspring**   9.26±0.47                                     11.08±0.46     15.00±0.45↑   15.25±0.81↑   0.08        **\<0.0001**   0.19
  **18:2n6**             **Dam**         14.16±0.42                                    16.12±1.47↑    10.13±0.61↓   13.13±0.46↓   **0.008**   **0.0004**     0.55
  **Linoleic**           **Offspring**   11.94±0.41                                    13.76±0.78     7.41±0.20↓    7.50±0.71↓    0.12        **\<0.0001**   0.15
  **18:3n3**             **Dam**         0.19±0.03                                     0.40±0.11↑     0.14±0.02     0.31±0.10↑    **0.02**    0.41           0.81
  **α-Linolenic**        **Offspring**   0.27±0.03                                     0.33±0.04      0.12±0.02↓    0.14±0.01↓    0.15        **\<0.0001**   0.34
  **20:4n6**             **Dam**         21.77±0.35                                    19.49±1.08↓    21.51±1.46    16.61±1.09↓   **0.003**   0.16           0.23
  **Arachidonic**        **Offspring**   21.52±0.40                                    19.11±0.65↓    17.87±0.28↓   16.27±0.77↓   **0.001**   **\<0.0001**   0.49
  **20:5n3**             **Dam**         0.43±0.01                                     0.40±0.02      0.35±0.03↓    0.32±0.02↓    0.23        **0.003**      0.94
  **Eicosapentaenoic**   **Offspring**   0.80±0.03                                     0.78±0.02      0.62±0.02↓    0.64±0.02↓    **0.88**    **\<0.0001**   0.52
  **22:6n3**             **Dam**         4.20±0.21                                     4.20±0.16      4.80±0.07↑    4.43±0.24↑    0.35        **0.03**       0.30
  **Docosahexaenoic**    **Offspring**   5.08±0.19                                     4.41±0.19      5.04±0.23     5.08±0.24     0.15        0.14           0.11

Whole blood FA composition is shown as mean wt:wt% ± SEM. Samples collected from dams (n=7/group) and offspring (n=10--12 from 6--7 litters/group) at postnatal day (P)1. Arrows demonstrate a significantly higher (↑) or lower (↓) FA composition in diabetes-exposed, high fat (HF) diet-exposed, and combination-exposed rats. Bold font indicates significance with p≤0.05 by two-way ANOVA for diabetes or diet effect.

###### 

Circulating hormones of pregnancy maintenance

  Hormone                    Time-point   Controls                                   Diabetes-exposed                           HF Diet-exposed                            Combination-exposed   Diabetes effect   Diet effect   Interaction effect
  -------------------------- ------------ ------------------------------------------ ------------------------------------------ ------------------------------------------ --------------------- ----------------- ------------- --------------------
  **Estriol (pg/mL)**        E14          48.0 ±5.64                                 105±20.5[‡](#TFN16){ref-type="table-fn"}   67.0±11.1                                  50.2±14.8             NA                NA            **0.01**
  E21                        61.8±11.1    37.0±6.8[†](#TFN15){ref-type="table-fn"}   90.2±11.5                                  42.7±9.2[†](#TFN15){ref-type="table-fn"}   **0.003**             0.12              0.28          
  **Estradiol (pg/mL)**      E14          5.5±2.1                                    6.5±4.6                                    3.2±0.9                                    2.2±0.4               0.91              0.78          0.88
  E21                        10.6 ±8.0    16.8±8.3                                   20.9±19.2                                  18.7±9.8                                   0.23                  0.68              0.90          
  **Progesterone (ng/mL)**   E14          117±1.1                                    116±2.8                                    113±6.3                                    118±1.1               0.60              0.86          0.46
  E21                        102±4.0      96±4.8[†](#TFN15){ref-type="table-fn"}     110±2.5                                    101±2.1[†](#TFN15){ref-type="table-fn"}    **0.049**             0.06              0.67          

Maternal serum estriol, estradiol, and progesterone levels on embryonic day (E) 14 and 21 expressed as mean ± SEM. Data are from 4--5 dams/group. Bold font indicates significance with p≤0.05;

Significant for diabetes effect;

Remains different than controls by one-way ANOVA with Dunnett post-test when a significant interaction is found.

###### 

Inflammatory markers of the maternal-placental-fetal triad

                     Controls            Diabetes-exposed     HF Diet-exposed     Combination-exposed   Diabetes effect   Diet effect   Interaction effect
  ------------------ ------------------- -------------------- ------------------- --------------------- ----------------- ------------- --------------------
  **TNFα** (pg/mL)                                                                                                                      
  Maternal Serum     272±62 (n=7)        152±31 (n=7)         174±35 (n=7)        158±38 (n=7)          0.13              0.30          0.24
  Placental Lysate   0.004±0.001 (n=9)   0.003±0.001 (n=9)    0.002±0.001 (n=9)   0.003±0.001 (n=9)     0.36              0.07          0.15
  Newborn Serum      29.7±1.3 (n=28)     37.6±7.3 (n=41)      35.3±6.3 (n=28)     31.5±5.3 (n=34)       0.73              0.97          0.34
                                                                                                                                        
  **IL-6** (pg/mL)                                                                                                                      
  Maternal Serum     715.4±137.8 (n=7)   359.4±114.8 (n=7)    416.8±104.5 (n=7)   334.67±111.5 (n=6)    0.078             0.19          0.26
  Placental Lysate   0.1±0.001 (n=9)     0.009± 0.001 (n=9)   0.007±0.001 (n=9)   0.009±0.001 (n=9)     NA                NA            **0.027**
  Offspring Serum    2125±163 (n=28)     2867±319 (n=41)      2152±366 (n=28)     2315±254 (n=34)       0.13              0.38          0.33

Inflammatory marker levels are expressed as mean ± SEM. Bold font indicates significance (p≤0.05) following two-way ANOVA with no significant group differences following one-way ANOVA with Dunnett post-hoc test.
